Chikungunya and Zika viruses are arthropod-borne viruses that pose significant threat to public health. 8 Experimental data show that during in vitro infection both viruses exhibit qualitatively distinct repli-9 cation cycle kinetics. Chikungunya viral load rapidly accumulates within the first several hours post 10 infection whereas Zika virus begins to increase at much later times. We sought to characterize these 11 qualitatively distinct in vitro kinetics of chikungunya and Zika viruses by fitting a family of mathe-12 matical models to time course viral load datasets. We demonstrate that the standard viral kinetic 13 model, which considers that new infections result only from free virus penetrating susceptible cells, 14 does not fit experimental data as well as a model in which the number of virus-infected cells is the 15 primary determinant of infection rate. We provide biologically meaningful quantifications of the main 16 viral kinetic parameters and show that our results support cell-to-cell or localized transmission as a 17 significant contributor to viral infection with chikungunya and Zika viruses. 18 19 Importance 20
the number of compartments of eclipse and infectious phases n E and n I , respectively, the mean lifespan of infected cells τ I and the infection rate β the ABC converged on posterior distributions that were 152 not significantly different from their uniform priors (results not shown). The mean, median and 95% 153 credible intervals for all viral parameters for both models, both viruses and input MOI are listed in 154 Tables 2, 3, 4 and 5. 155 Duration of eclipse phase τ E of chikungunya-and Zika-infected cells is not exponential. 156 Inference process under standard model yielded posterior distributions of τ E with substantially differ-5c and 5d, middle column). ZIKV-infected cells appeared to produce considerably more viral genomes 182 but also significantly less infectious virus to total RNA genomes produced compared to CHIKV. For 183 CHIKV, median of posterior distribution of α varied between 3 to 5 infectious viruses per ten RNA 184 genomes produced whereas for ZIKV we obtained 5.9-7.4 infectious viruses per ten thousand RNA 185 genomes produced ( Figure 5 , right column in each panel). The mean, median and 95% credible 186 intervals of the posterior distributions for the viral genome production rate p and infectious virus to 187 total RNA genomes ratio α for each virus, each transmission model and each initial MOI are listed in 188 Tables 2, 3, 4 and 5. 189 Viral parameters within cell-to-cell transmission model. 190 We used the least-square fitting procedure described in Materials and Methods (Extraction of virus 191 decay parameters) to precisely quantify the viral parameters by fitting the cell-to-cell transmission 192 model (4) to low and high MOI datasets simultaneously. Because the number of compartments of the 193 eclipse and infectious phases, n E and n I , respectively, could not be inferred, we set n E = n I = 40 194 (as e.g. used to estimate Influenza A in vitro kinetic parameters in [29] ) and fit equations (4) to 195 low and high MOI CHIKV and ZIKV datasets. The estimated best-fit parameter values and 95% 196 bootstrap confidence intervals are listed in Table 6 and associated dynamics of CHIKV and ZIKV 197 infections are depicted in Figure 7 . The infection rate β C was found to be β C = 4.2 × 10 −3 and 198 3.5 × 10 −4 (cells×h) −1 for CHIKV and ZIKV infections, respectively. The duration of eclipse phase 199 of CHIKV-and ZIKV-infected cells were found to be 6.4h and 29.4h, respectively. The mean lifespan 200 of CHIKV-and ZIKV-producing cells were found to be 44.8h and 31.4h, respectively. Although the 201 lifespan of virus-producing cells seems to be overestimated, especially in the case of CHIKV as it is 202 highly cytopathic and promotes rapid cell death, such high values may be the result of post-peak (Table 6) .
212

Discussion
213
The present study investigated the in vitro dynamics of chikungunya (CHIKV) and Zika (ZIKV) 214 viruses whose time course of viral load data showed significantly different replication cycle kinetics.
215
In particular, a longer replication cycle of ZIKV compared to that of CHIKV gave rise to qualitatively 216 distinct viral dynamics which we studied by mathematical modeling to tease apart and quantify 217 individual drivers within each virus-cell interactions. The dynamics of extracellular free virus was 218 found not to be descriptive of either CHIKV or ZIKV infection dynamics. Therefore, we hypothesized 219 that the rate at which cells were infected was not proportional to the total extracellular infectious 220 virus but rather the number of virus-producing cells.
221
In modeling the viral kinetics, we were able to evaluate which of the two transmission models, that 222 is the standard model in which viral transmission is facilitated by extracellular free virus or cell-to-223 cell transmission model in which viral transmission is facilitated by virus-producing cells, can explain 224 empirical observations. Although the dynamics of virus-producing cells transpired to be significantly 225 more explanatory of viral kinetic data, we cannot establish the exact mechanisms responsible. The and demonstrated for CHIKV and ZIKV, we showed that mathematical model in which virus spread is proportional to virus-producing cells is able to explain experimental data more accurately. Despite 245 that the spatial component of virus infection dynamics is not taken into account by either of the two 246 models, a virus is most likely to infect neighboring cells following budding, especially in more static 247 environments such as cell culture without mixing, or possibly in tissue compartments in vivo. This 248 may explain why the cell-to-cell transmission model is favored in this study, as the extracellular free 249 virus model, which assumes that progeny virus is likely to infect any cell, irrespective of the distance 250 from the infected cell.
251
It is important to note that most empirical data used for modeling tend to be generated under a 252 single growth condition. We conscientiously chose to perform and analyze both low and high MOI with a large viral burst size from the system. Interestingly, both standard and cell-to-cell transmission 274 models were able to describe ZIKV in vitro kinetics. Although there was stronger statistical preference 275 for the latter, inference process yielded comparable posterior distributions of viral parameter values for both standard and cell-to-cell transmission models. Thus, we conclude that CHIKV as a model 277 virus with fast replication cycle may exhibit MOI-dependent phenotypes.
278
Overall, this study showed that the mathematical model in which the spread of an infection is 279 described by cell-to-cell viral transmission can more accurately describe the in vitro dynamics of 280 CHIKV and ZIKV infections than the standard model in which the spread of an infection is mediated 281 via free extracellular virus. By modeling viral load datasets reflective of the virus kinetics at low and 282 high MOI, we quantified the rates of different processes within the CHIKV-and ZIKV-cell interactions.
283
Although we could not directly identify and quantify specific mechanisms, differences in the time scales 
where c rna and c pfu (measured in h −1 ) are the decay rates of RNA genomes and virus infectivity, respectively, as in equations (4), and ln V rna (0) and ln V pfu (0) are natural logarithms of the initial 332 states of RNA genomes and infectious virus at t = 0h.
333
To obtain estimates of viral decay parameters, we minimized the sum of squared errors (SSE) 334 between the measured data D(t i ) and the model solution V (t i ) at each measured time point t i and 335 for each measured replicate j given as
across parameter ranges using the Python function scipy.optimize.least squares for performing . Therefore, we subdivided eclipse and infectious phases into n E and n I compartments, such that these times are Erlang distributed with means τ E and τ I , respectively.
360
Erlang distribution is a special case of Gamma distribution of which the shape is dictated by n E and 361 n I and vary from an exponential (= 1) to a normal-like ( 1) ( Figure 6 ). Infectious cells in all stages Figure 2 and comprises of the following collection of ordinary 366 differential equations: 
We further simplify the process by allowing only eclipse cells in their first stage of eclipse phase, E 1 , 375 to have received the virus. The fraction of E 1 cells which received one or more viruses is equivalent to the total proportion of cells excluding those which did not receive any virus
Thus, the initial conditions are T (t = 0) = T 0 × exp(−MOI), E 1 (t = 0) = T 0 × (1 − exp(−MOI)), 378 E 2,...,n E (t = 0) = 0, I 1,...,n I (t = 0) = 0, V pfu (t = 0) = 0, and V rna (t = 0) = 0, where T 0 = 2 × 10 5 379 susceptible cells seeded in each well.
380
Parameter inference We used Approximate Bayesian Computation (ABC) rejection approach to 381 infer viral parameters and perform model selection. We simulated large numbers of datasets using 382 parametrisations sampled from a log-uniform prior probability distribution for each model parameter. Euclidean distance
for measured times {t i |i = 1, . . . , N } where S D pfu (t i ) and S Drna(t i ) are the standard deviations of the 399 measured viral titres and RNA genome abundances at the time point t i . The parametrizations of 400 all simulated datasets were sorted with respect to the distance (7) in an ascending manner and the 401 first one thousand parametrizations were accepted. The posterior density distributions were then Table 1 : Best-fit parameter values and 95% confidence intervals obtained from fitting equations (1) and (2) to total RNA genome abundances and viral titres, respectively, from the RNA genome degradation assays with the corresponding titre quantifications to asses infectivity of CHIKV ( Figure  1a ) and ZIKV (Figure 1b) Table 6 : Parameter values and 95% confidence intervals obtained from least-square fitting of equations (4) to viral titres and total RNA genome abundances from the high and low MOI CHIKV (Figures 7a and 7b ) and ZIKV (Figures 7c and 7d ) yield assays.
CHIKV ZIKV Forward primer (5' to 3') GAGACACACGTAGCCTACCA TCGTTGCCCAACACAAG Reverse primer (5' to 3') GGTTCCACCTCAAACATGGG CCACTAATGTTCTTTTG CAGACAT Probe (5' [6-FAM] to 3') ACGCACGTTGCAGGGCCTTCA GCCTACCTTGACAAGCA ATCAGACACTCA : Probability density (y-axis) that a cell spends x hours in the (eclipse or infectious) phase. As the Erlang shape parameter (n E or n I in the model (4) for the eclipse and virus-producing phases, respectively) is increased, the distribution of the phase duration shifts from an exponential (n = 1), to a fat-tailed (1 < n < 10), to a normal-like (n 10) distribution. In these graphs, the mean time spent by cells in the phase (τ E or τ I in the model (4), respectively) is fixed (set to 10h, chosen arbitrarily) as the shape parameter (n E or n I ) is varied. Table 6. 
